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ABSTRACT 

This thesis reports on the datailied investigation 
of the stability characteristics of two terminal HVDC system' 
for the purpose of controller design with currant and power 
control at rectifier terminal and feedback type of constant 
extinction angle control at the inverter. Both individual 
phase and equidistant pulse control firing schemes are con- 
sidered, The effect of the variation in the control system' 
structure^ control strategies and system parameters is in- 
vestigated, The operating point stability analysis# to 
accoirplish this# is carried out using a linearized# discrete 
time state space system model based on average system 
quantities. The stability analysis is carried out using 
linear control theory techniques in both frequency and time 


domain 



CHAPTER 1 


INTRODUCTION 


1.1 GENERAL 

The introduction of HVDC links in the existing 
power systems has added a new dimension in bulk power 
transmission over long distances. Apart from overcoming 
certain disadvantages of ao power transmission, the HVDC 
transmission has played an important role in inproving 
the stability of the present day ac power system. 

The proper and reliable operation of HVDC system largly 
depends on the design of the associated control system. 
With multiterminal HVDC systems being envisaged in near 
future, the requirement for the proper design of converter 
controllers has assumed great importance as multiterminal 
operation requires a well coordinated control. 

One of the primary requirements of the converter 
control system is to ensure reliable system performancG in 
the event of certain disturbances normally encountered in 
operation. This ^demands, a systematic appioach for the 
design of the converter control systems. 

The design of the converter controllers has been 
carried out using HVDC simulators or digital Simula tion. 
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Both theSxa methods are quite costly and have restricted 
jELexibility, This has necessitated the development of analy- 
tical methods to investigate the system stability for the 
design of converter control system* The analytical approach 
is more flexible and affords sase in studying various aontrol 
alternatives with wide variation in controller parameters. 

1,2 STABILITY ANALYSIS OP CONVERTER CONTROL SYSTEM 

The HVDC system consists of converters# controllers, 
firing pul 32 generators# DC transmission network and the asso- 
ciated AC system. The study of system performance requires 
the dynamic representation of these conponents* The degree 
of details to be included in the representation depends on 
the type and cbj active of the study. For example, in case of 
transient stability studies [30] a. simplified model of the 
converter is adequate. However, the operating point stability 
analysis (dynamic stability analysis) for the purpose of the 
design of converter pontrols, requires a detailed representa- 
tion of the converter characteristics c alongwith the detailed 
dynamic representation of the associated control, firing pulse 
generation scheme, transmission network and the ac system. 

The dynamic interaction between these various corrponents 
leads to a nonlinear mathematical model of the HVDC system. 
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The operating point stability analysis is however^ cartied 
oxjt by linearising the set of equations around an operating 
point which then results in the linearised system model. 

The system stability can then be investigated using frequency 
response technique or eigen value analysis as applicable to 
the linear control system study. 

Several HVDC system models have’ been reported in the 
literature for the purpose of operating point stability ana- 
lysis* Basic difference between theo’e models is due to the 
converter representation. Since the ccntrol of the converter 
is effective only at discrete time instants which correspond 
to the instants of firing, the converter and the associated 
firing pulse generator have been represented as discrete time 
systems. [l ,2] , This leads to a discrete time description 
•f the HVDC system* However, the converter has also been 
modelled as a continuous time system, thus resulting in a 
continuous time representation of the overall systemj[l 9 ] 

Acknowledging the discrete natTore of converter control, 
Busemann 6 . 5 ,] in 1951, first gave a system model in which the 
converter was represented by a constant dc gain for all fre- 
quencies. The effects of commutation and the dc side ripples 
were neglected. It was also pointed out that the phenomenon 
of h\anting in rectifiers took place at half the firing freque- 
ncy. 
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An interesting metliod has bean suggested by 
Persson (d) for calculating the transfer function of a 
converter in a grid controlled systoin* A* conversion factor’ 
is introduced which relates the instantaneous ac quantity 
with the corresponding dc quantity. Conversion factor^ is 
defined as a periodic time function with its fundamental 
frequency equal to the supply frequency. Sakuma and Pacific 
intarties are analysed to prove its practicability, 

Pallside et, developed the concept of 

modelling a converter as a pure sarrpler. To avoid the 
undesirable feature of harmonic instability, the effect of 
ripples fed back in a closed loop control system has been 
considered. Describing function technique has baen eitiployed 
for the design of the control system. 

A new discrete time converter model was introducedi 
by Sixcena-Paiva et al [ 11 .] to include the effect of commu- 
tation, The changes in the converter output voltage were 
treated as inpulses at the firing instant and at the end of 
the commutation period. As a ras\ilt of this the converter was 
represented^ for the p\irpose of small signal analysis^ as a 
sarrpler. The stability analysis is carried out based on 
sampled data cc»trol theory using Z transform technique. The 
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model has later been applied to investigate the system 
stability with VCO based firing control scheme [13- ] , The 
stability analysis of the HVDC systems connecting strong and 
weak ac systems have also been reported ercployxng the dis- 
crete converter model [14,12] , However, the use of Z trans- 

from technique for stability analysis makes the development 
of the system model extremely cmmbersome, particularly when 
the dynamic interaction between the ac and dc systems is 
included, {iq ] 

Padiyar et al 3 have proposed a discrete time 
converter model based on average system quantities. Utili- 
zing this^ the overall HVDC system model is developed in 
the state space frame -work. The modular approach for the 
development of the system model enables to include the compo- 
nent representations to any desired degree of detail. The 
interaction between the ac and dc system dynamics has been 
represented by modelling the ac system in d-g frame of 
reference. The results of stability predictions are validated 
using digital simulation. 

The stability analysis of HVDC system involving digital 
control has been carried out by ZhC’'iri6]*A ' state -averaging* 
technique has been used to rapreseht the discrete time instants 
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of converter control in tho development of the state space 
rr»Dc3sl of the HVDC system. 

1.3 0BJ3CTIVE AND SCOPE OF THE THESIS 

A review of the literature reveals that although 
various approaches have been put forward for the represen- 
tation of the HVDC system, a detailed investigation of the 
stability Characteristic of the HVDC system has not been 
carried out to study the effectiveness of the converter 
control system with different firing control schemes and 
change in system parameters. 

The objectives of this thesis, therefore, are the 

following 

1, Development of the two terminal HVDC system model consi- 
dering a feedback type of control at tho inverter. 

2, Study of the effect of both individual control and 

equidistant pulse control firing schemes, on the stability 
characteristicSof the system, 

3, Detailed investigation of the system performance with 
different control strategies, variation in system parameters. 

In this thesis the operating point stability analysis 
of the converter control system has been carried out for the 
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purpo ® of controller design. The model of two terminal HVDC 
system is developed based on the approach outlined in reference 
[l] . The ac system feeding the converter is assumed to 

be strong and hence its dynamics representation is ignored. 

1,4 GHAPTERWISE DESCRIPTION OP THE THESIS 

Study of stability performance of two terminal HVDC 
system is carried out on the basis of a discrete linear model. 
Chapter 2 of the thesis deals with the development of csonponent 
model# of the system. Converter, controller, firing pulse 
generator and DC transmission line are modelled individually 
in detaiX to facilitate an overall model development, A typical 
case of single converter has also been taken up in this chapter 
to show the effect of firing scheme»on the stability of the 
system. 

Utilising the subsystem models developed in Chapter 2, 
a discrete-time linear model has been developed in Chapter 3 
for carrying out the stability analysis. An attempt has 
been made to describe the interfacing of different subsystems 
in a systematic manner. The influence of firing schemes, 
different control structures, control strategies and system 
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parameters have also been investigated in this chapter. 

Chapter 4 is devoted to the development of a two 
terminal HVDC systenr model consisting of a diode bridge recti- 
fier. The stability boundary for this case is deduced and 
compared with cases having thyristor-bridges at both the 
converters* 

Chapter 5 reviews the major contribution of the 
thesis and suggests the future scope of the work. 



CHAPT3R 2 


DEVELOPMENT OF HVDC SYSTEM MODEL 

2,1 INTRODUCTION 

The development of the HVDC system model for the 
purpose of dynamic stability analysis involves adequate repre- 
sentation of the dynamic characteristics of the various 
subsystems constituting the HVDC system. The subsystems in- 
volved are converters# controllers, firing pulse generators 
and d,c, transmission line. Of these subsystems, the conver- 
ters and the firing pulse generators are the discrete time 
systems, while the controllers and the dc transmission network 
can be treated as continuous time systems. Because of the 
involvement of both continuous and discrete time subsystems, 
the development of the overall system model becomes quite 
complex. Therefore, in order to simplify the analysis, the 
following assumptions are made, 

1, The time interval between two consecutive firing instants 

o 

is constant and is equal to 60 for a 6 pulse convejrter, 

2, The ae and dc side harmonics are neglected. This enables 
to neglect the filter representation on both ac and dc 
sides and permits the use of average values of the dc quan- 
tities and fundamental components of the ac quantities 
without leading to significant errors («]. 
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The development of the various subsystem models is 
described in this chapter based on these assuirptions. However# 
due to the inherent nonlinear characteristics of the converter# 
the analysis is undertaken using linearized subsystem models* 

The controller and the transmission line are represented by the 
continuous time dynamic equations in the state space framework* 
The equations are thoi discretized and combined with the 
discrete time representation of the converter and the firing 
pulse generator to result in the linearized, state-space model 
of the two terminal HVDC system. 

The converter representation alongwith the approach 
for the model formulation is illustrated in this chapter through 
the stability analysis of a single converter system feeding a 
load, A detailed stability investigation of a two terminal 
HVDC system is# however, taken up in the next chapter, 

2,2 CONVERTER REPRESENTATION 

The approach employed for the representation is the 
same as introduced in reference [ 2 ]. A balanced 3 phase, 

6 pulse, bridge converter under 3 valve conduction is shown in 
Figure 2,1* 
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The three phase ac voltages are given as 


e 

a 

= V‘2 

ph 

Sin 

(w t + ~^) 

O 6 


% 

~V'2 


Sin 

(w^t + 1 ) 

— (2.1) 


= f 2 

%h 

Sin 

- 1 > 



Where is the rms ao phase voltage. Considering 

the converter transformer leakage inductance as and neg- 
lecting the transformer resistance, an equation for the cdrcuit 
shown in Figure 2,1 is written as 


e (t) = 





L 

c 


dij^ ' di^ 

“dt "dt 


— ( 2 , 2 ) 


It is- assumed that valve 3 starts conduction after a 
delay angle g*(K), corresponding to the time instant t(K^, 

The delay angle is measured with respect to positive going zero 
crossing of the commutation voltage. The next valve starts 
aonduction at the instant t(K+l), The average dc output voltage 
of the converter over the interval of time t(K) to tfK+l) is 
given by 

t(E+1) 

^t(K) 


e (t) dt 


(2,3) 
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As per assuirption# valves begin conduction at a regular inter- 
val of 60*^, Which implies that 


At(K) = 


n 



~ (2.4) 


Wq is the angular frequency corresponding to the ac system 
frequency. 


Equation (2*3) with the help of equation (2,2) is 
rewritten as 


• A 


tJ 


(a , V + 5-) /w 
(K) a'^'^o 




<3lL di^ 

(e -e -L ^-L -^)dt — (2.5) 
b G G dt c dt 


At the instant t (K) Valve 3 starts conduction 
making ij^ equal to zero and i^ equal to converter dc current 
I^c( K)* next instant t(K+1)^ i^ equals which 

is the same as i . The eqxiatiam, (2,5) theroforei is reduced to 

^ c s ft ( ) 2 Id^CK+l^+L^ Id^CK) — (2i6) 

vMVi/£)a.lS^ L/wiP TO t-'/viP V6l.'T'A<^E 

Such that 


(K) 

dc 




(2.7) 
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The converter model can be modified, for small portxir- 
bation by linearising equations (2.6) and (2.7) # at the opera- 
ting point, as 






— ( 2 . 8 ) 


where A«dc(« . A«(K) -f Aj a ^ ""a A. 


in which = - ^ Sin ^ ■^2 “ ' ^3 


— (2,9) 


is the firing angle at operating point, E is assumed to be 
constant as the ac system is considered to be strong. 


2.3 D.C. TRANSMISSION LINE 

An equivalent *T' network of dc transmission lino 
having limped parameters is shown in Figure 2,2, Linear diffe- 
rential equations describing the transmission line dynamics are 
derived with converters represented as equivalent dc voltage 
sQUirces at the . rectifier and inverter ends. Between the dc 
voltage source and the transmission, line, smoothing reactors 
to limit the overcurrents are also considered, 

A state space equation for the transmission line is 

given by 


( 2 , 10 ) 




X6 



1 

1 

0 

-1/L 


1/L 

0 

where C Aj^ ] 

0 

-r/l 

1/L 

andCSj^ ]s= 

0 

1/L 


1/C 

-1/C 

0 1 


0 

0 


^ 

R is the s\am of smoothing reactor resistance and half of the 
transmission line resistance* Similarly L is also the sim of 
the smoothing reactor inductance and half of the transmission 
line inductance. is the voltage across transmission line 

capacitance. and are the dc currents at the rectifier 

and inverter ends respectively. Output equation of the trans- 
mission line is 


where the constant matrix [ = 


10 0 
0 10 


A Ik, represents the vector of convearter dc currents 
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2^4 CONVERTER-CONTROLLERS 

The converter is generally equipped 
irith constant power or constant current controller when 

operating as a rectifier# and constant extinction angle when 
operating as an inverter. While current and power controllers 
are of feed-back type# the constant extinction angle controller 
as discussed in the literature [ 7 # S'] can be either of pre- 
dictive type or of feed-back type. In what follows# the dynamic 
equations of the various controllers are developed. 

2,4,1 Current Controller 

The converter output dc current is fad back in the 
controller loop. This is compared with reference current. The 
error# thus obtained# is then anplified through controller 
anplifier to give control signal which is further sent to the 
firing pulse generator. Figure 2,3 (a) shows the block diagram 
of current controller. 

The state and output equations depending upon the 
transfer fimction of controller amplifier is written as 


o 

t 

if 

> 

O 

0 

1 1 

^ ^ ^CC 

— (2.12) 

and ^ ^cc * — GC 


— (2.13) 


(2.13) 




FIG. 2.3 (a) P OCK DIAGRAM OF CURRENT 

CONTROLLER. 



'Hvi- C*^ i-v^vtA-UX ' 

FIG. 2. 3(b) BLOCK DIAGRAM OF POWER CONTROLLER 



FIG. 2. 3(c) BLOCK DIAGRAM OF CE A CONTROLLER 



19 


wh^re 3^^ is tha state vector# is the control signal 

output and ^ is the converter dc current (faadbaclc signal) 
obtained as output of transmission line modal. The variation 
in the current reference setting is neglected assuming the 
steady state of system operation* 


2,4*2 Power Controller 

The block diagram of a power controller is shown in 
Figure 2,3 (b). The current reference is determined from a powarr 
reference. The following is the state and output equations 
representing a power controller- 

A 4>C “ *PCp A Upc ~ (2.14) 


ATpc “ A -- 

where Y„r> the controller output- 

Jtr V> 

2,4,3 Predictive Type Constant Extinction Angle (C-E-A,) 
Controller 

The available information of ac voltage and direct ^gai 
current is utilized to predict the value of extinction angle 
[ ly ] , Discrete time equatiom of the CBA control is 


- V2E cos aCK) « V2E cos + 2 w^L^ ^ — <2-16) 

where o, Y are the firing and extinction angles respectively, 
d 
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Under the assxmption of constant ac system voltage, the 
equation (2.15) xipon linearization gives 


Aa(K) * - 


^ Sin 




(2.17) 


2,4,4 Feedback Extinction Angle Controller 

Predictive type CEA control is an open loop control. 
To make the system insensitive to external disturbances a more 
accurate method is to use a closed loop control for extinction 
angle, A block diagram is given in Figure 2,3 (c), which shows 
the arrangement of a feedback (closed loop) extinction angle 
controller. 


Feedback signal is the variation in the measured value 
of extinction angA» /MhlshiAa cdatained ttsing the following 
equation [ 3 ] • 


I 


d 


V 2B 

2wL 

G 


(cos a cos 


Y m) 


— (2,18) 


whej;-e E is the rms line voltage at inverter end, 

L is the leakage inductance of the converter transformer and 

w 

Y is the measured value of extinction angle. 

Equation (2,18) upon linearization yields 




C2.19) 
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-V2 wL -Sin a 

where and - -gj;^ 

1 ^ o 

®^(K) inverter delay angle at the K instant, obtained as 

the output of the firing pul se generator to which the input is 
the control signal output. 

The con troll er dynamics can be obtain ad in a general 

form as 

A is *[ Ag ] ^ + Bg AUg - (2.20) 

A Yg =* ^ AXg — (2,21) 

A^S is the control signal output. The input 
cortprises of the inverter end dc current and firing angle at 
instant, 

2,5 FIRING SCHEME 

A satisfactory operation of the ccnverter can be 
assured only when the firing pulses are accurately timed, HVDC 
links particularly use two types of firing control schemes - 
1, Individual ^i Pwiis c Control (I.P.C.) and 2, Equidistant Pulse 
Control (B.P.C.), 

ft ^ 
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In individual 9 u1b« control firing scheme each valve 
is controlled independently and the firing instants are deter- 
mined in each cycle based on the commutation voltage of the 
particular valve. In IPC firing scheme considered here a ranp 
is generated at each positive going zero crossing of the commu- 
tation voltage and is compared with the control signal output 
obtained from the controller. At the instant of equality/ the 
firing pulse is generated, [ ] 

. For a small change in control signal Av^z the 

corresponding change in the firing angle is related as 

Av^(K) — (2,22) 

where is the siope of rairp , which is the same as the gain 
o£ firing pulse generator, 

# 

It is ev5±dent that in IPC firing scheme, tdie genera- 
tion of the firing instants critically depends on the commutation 
voltage waveform. In the case of HVDC system connected to weaX 
ac systems/ these commutation voltages are distorted due to the 
presence of harmonics. This gives rise to a problem of harmonic 
instability as reported in reference [ ' 5 ] , To circumvent this 
problem/ equidistant pulse control firing scheme was first 
introduced by Ainsworth [i* ] • 
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The block diagram structure of the BPC firing schema 
based on pulse frequency control [iO] is shown in Figure 2,4. 

This scheme makes use of a vol tage-controlled oscilla- 
tor (VCO), the output of whxch controls a constant-slope ramp 
function generator. The sum of the voltage T/6# which is a 
constant bias for the VCO, and the control voltage tom compared 
with the ramp signal, A pul.se is generated at each instant of 
equality. Corresponding to steady state operation, the control 
voltage is zero and the consecutive firing piilses thus maintain 
a regular distance of 60*^. The frequency of the oscillator is 
governed by the control signal. The dynamics of EPC firing 
ptilse generator in its linearised form is given by 

Az(K-t-l) * Az(K) + K^g. AV(,(K) — ( 2 . 23 ) 

Also, 

Ae{K) *Az(K) — (2.24) 

The subsystem models developed in the previous sections 
can be combined appropriately to yield the overall system model 
in the form [2 ] , 

— (2.25) 


A X' (K+1) =[ aa]Ax' (K) + [bb] Ah^(k) 
and Ax*(K) * CC^ Ax» (K) 


(2.26) 



COMPENSATOR CONTROLLER 
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The system stability can be investigated either from 
the eigen values of the closed loop; system matrix or frequency 
response of the open loop transfer function 

The details of the approach to build the overall system model 
is given in the next chapter, Howeveri in this chapter# the 
stability analysis of a single converter system is carried out 
to illustrate the converter tepresentation and the approach for 
the development of the overall system model, 

2,6 SINGLE CONVERTER STABILITY ANALYSIS 

A single converter system feeding an R-L load is 
shown in Figure 2,5, The system stability is investigated vmder 
both IPC and EPC firing schemes. The system data and operating 
conditions are given in Appendix [ A~l] , The gain of the firing 
control schema is taken as unity. 

Controller and load (continuous time subsystems) dynamics 
are described by the aquation 

^ (2.27) 


where 



4- 


0 





A » 


i B = 



1 

0 "• m' " 




A « 


[ Ap Ai^ ] 
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is the gain of control anplifier and is its time constant, 

load resistance and time constant respectively* 

In order to combine the continuous time equation (2,27) 
with the discrete equation for the converter etnd the firing pulse 
generator, equation (2,27) is discretized, using the technique 
discussed in Appendix [ B ] , to give the following form, 

AxCK+1) * 4x(K) + [md] B 4V^(K) — (2,28) 

converter equation (2,6) and equation (2,22) for IPC firing 
scheme are combined with equation (2,2S) giving 


iS X (K+1) «[AA]Ax(K) -I- BB AV-(K) (2.29) 

In the case of EPC firing control scheme equation 
(2.28) is augmented to include the dynamics of the firing 
control scheme given by equation (2.23), The resulting equation 
is cornbinod with equations (2,6) and (2.24) to yield. 


A X' (K+1) a[ A‘] Ax* (K) + B» 4V^(K) 


*- (2,30) 







Ax(k)" 


[ aa] 0 

where A iE' 

AZ(K) 

; [A' ]. 

0 1 


and 


B' 


BB 


0 
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Equation (2,29) and (2,30), thus, represent the 
overall single converter system having an R-L load in a linear 
and discretized form with IPG and EPC firing schemes respeci- 
tively. 


Stability of the system is investigated using eigen 
value analysis and frequency response from open loop transfer 
function* The loop is opened at point (x) as shown in Figure 
2,5 where the quantities are related as 

A P (K) , in fact, is a coirponent in the vector A (K),i 
Therefore 

AV^(K) » G' Ai^K) (2,^32) 

Equation (2,31) is combined with equationi (2,29) to give 

A X* (K+1) *[a»'] a X' (K) — (2,33) 

[a*'] is a closed loop matrix, the eigen values of 
which would decide the stability of the system under considera- 
tion. 

The frequency response is deduced after deriving an 
e3q>ression for the open loop transfer function. System 
equations (2,29) and (2,31) are transformed into frequency 
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domain using classical Laplace transformation technique. The 
equations^ hence can be written as 

a '*£■(8) + B- --(2.34) 

and AP(s) ^a\s} ^^'(s) -.-(2,35) 


Equations (2,34) and (2,35), therefore, decide the 
open loop transfer function as 

^^(3) . O', 


( 


[C«'] - [A'] 




-1 


B' 


— (2.36) 


AtK 


where [c* ’ ]» e being a \inity matrix. 


2,7 RESULT AND DISCUSSION 

Stability boundaries are plotted on the controller 
gain and time constant for both the IPC and EPC firing control 
schemes in Figure 2,6, The observation of the boundaries indi- 
cate that the EPC firing scheme is better than IPC within a 
range of time constants from O.Ol millisecond to 0,17 milli- 
second* At higher time constants it is seen that the stability 
domain is much larger with IPC firing control schema as com- 
paired to that with EPC firing control. This trend conforms 
with results reported in references [2] and [ ] , 
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2.8 CONCLUSION 

In this chapter^ a detailed representation, of various 
subsystems constituting an HVDC system is presented for the 
purpose of stability analysis. To illustrate the various cortpo 
nent models, the stability study of a singls converter system 
is carried out with both IPC and EPC firing schemes. The 
approach for the development of the overall system model is 
extremely modular as a result of which a sxobsystem can be re- 
presented to any degree of detail desired. 



CHAPTER 3 


STASIIilTY INVESTIGATION OF TWO TERMINAL HVDC SYSTEMS 

A detailed stability analysis of converter control 
systems, considering the discrete nature of the control, for 
two terminal HVDC system has been carried out in this chapter. 
An overall model of the HVDC system is developed on the 
basis of subsystem models discussed in Chapter 2. The objec- 
tive here is to investigate the system stability with different 
firing control schemes# controller structures and system 
parameters. 

3,1 TWO TERMINAL HVDC SYSTEM MODEL 

The component models for converter, controller# 
firing pulse generator and transmission line are developed in 
the previous chapter and utilized here to construct an overall 
model for the two terminal HVDC system. 

The transmission line model remains unaltered which 
is given by equation (2,10) as 

Depending upon the choice of controllers at both 
rectifier and inverter ends, their dynamics can be combined 
ahosing appropriate eqpjations from 2,12, 2,14, 2,20 
to give the general form as 

A Ic - ®(J A !ic 


(3,1) 
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where 3^ is the state vector containing variables associated 

with controller and ijU is the input vector which may be Con- 
or 

verter dc current# /delay angle fi{K) depending upon the type of 
control system at the terminals. 

Equations (2*10) and (3,1) can be written in the 
following manner to give the continuous time equation of the 
system as 

i =» [ A] A X t [b] Au (K) — (3,2) 


where 



r*ci t®ci^ 



C A ] • 


i [B] - 



*«, 




and Ax 


- 4 ^ 


The interface between controller and the transmission 
network models is through the converter dc current which is 
obtained as the output of the transmission network model and 
goes as the input to the controller. This effect is incorpo- 
rated in matrix [ A} through matrix ] * 
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Equation (3*2) is now discretized using the method 
given in Appendix C b] and is written in the form 

X(K+1) «[aa] /^X(K) * [bb] £i,U(K) — (3-3) 

In case,EPC firing scheme is ccnsidered at any or both 
of the terminals! equation (3.4) is augmented to include the 
dynamics of the firing scheme given by 

A»(K+1) + Kfg AV^(K) — (3.4) 

V- (K) is the input to the firing pul ^ generator and is the 
same as the output of the corresponding controller. ^ U(K) in 
equation (3.3) consists of component. The 

latter can be obtained from the converter equations (2.6) and 
(2*7) as 

A ^ iioc® -- 

where 

A20c(K) *[P]A£(K) + [o] A IjJ^(K+1) +[ R3AI^(K) — (3.6) 
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in equation (3*6) is obtained from the equations 
(2*22) and (2,24); corresponding to the firing pulse generators 
associated with the rectifier and inverter terminals. 

Combination of equation (3,4) with equations (3,5) and 

(3.6) after stfbstituting using the equations corres- 

ponding to the firing pvilse generators, result in the following 
equation, 

^x'(K+l) » [a*] Ax* (K) + B* — (3.7) 

In case XBC firing scheme is considered, then disctete 
equation (3.3) is directly cornbined with equations (3,5) and 

(3.6) to give equation similar to the equation (3,7). 

Sines equation 3.7 is the output of the 

converter controller, it can be related to the state vector 
Ax and then the closed loop description of the overall system 
can be obtained in the form, 

A x'(K+l ) •[ A» • ] A X (K) 


(3.8) 
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Stability analysis can ba carried out on tha basis 
of eigen values of matrix [A**] , To investigate the system 
stability using the frequency response technique^ tha Qpan 
loop transfer fgnction is P<S)/^Vq (S) which oaa ba obtained 
as shown in equation^ 2.36, 


EXAMPLE s The stability analysis for a two terminal HVDC 
system is presented using the model developed earlier* 

Details about the system jarameters and operating conditions 
are given in Appendix [ A-2] « Tha effects of different 
fiiring schemes# controllers and system parameters are investi- 
gated* 

3*2 EFFECT OP FIRING CONTROL SCHEME 

The affects of IPC and EPC firing schemes have been 
discussed on a single converter model in tha previous chapter* 
On tha same lines a two terminal HVDC system is talcan up to 
study the effect of firing control on stability performance* 

The cases studied are listed in Table 3*1# alongwith 
the details of associated control structures and firing 
schemes used* The rectifier is considered to be under constant 
current control whereas the inverter is on con stant extinction 
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TABLE 3.1 

Cases for Effect of Firing Scheme 


S. No, 


Rectifier 


"invertor 

Control 

Firing 



1 

1 — 1 

IPC 

- 



Predictive 

2 

ti 

EPC 

- 

Predictive 

3 

tf 

IPC 

r .-'y*..... 1 

'■ l-fST ■“ 

IPC 

4 

II 

EPC 

II 

IPC 

5 

«f 

IPC 

H 

EPC 

6 

It 

EPC 


EPC 




TABLE 

to 



Cases For 

Effect of 

Control Structure 







Firinq 

Control 

Firina 

1 

'■ l+ST J 

IPC 


Predictive 

2 

It 

EPC 


Predictive 

3 

j'-Ka-fSTi) J . 

IPC 

- 

Predictive 


1 -MST 2 





{IM] 

S 




4 

II 

EPC 


Predictive 

5 

II 

IPC 

M. 

EPC 

6 

M 

EPC 

II 

EPC 
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angles contxol. The details of the development of a model for 
ease 6 of Table 3,1 are given in Appendix [c] . 

The frequency response based on the open loop trans- 
fer function is obtained for the cases 1/2,4 #nd 6 of Table 3.1 
and only the significant portion of it are plotted respectively 
in Figures 3,1/ 3,2, 3,3 and 3,4, The conveirter-controllar 
gain and time constants are indicated in i^p«n4ix The 

corresponding opcarating conditions and system parameters are also 
given in th« Appsndix, 

Prom Figures (3,1) and (3,2)/ it can be seen that the 
frequencies of oscillations at which instability is likely to 
occur are 16,9 Hz and 65.8 Hz with IPC and 1.3 Hz with EPC at 
rectifier when the inverter is at predictive type CEA oontroller. 
Introduction of IPC at inverter (Figure 3.3)/ does not alter 
the frequency of oscillation (1,3 Hz), but with use of EPC at 
inverter (case 6) it is slightly increased (7.3 Hz, refer 
Figure 3,4) • Thus it is seen that the VCO based EPC firing 
scheme, which introduced! an integral characteristic in the 
system, results in oscillations at lower frequencies. This 
effect of EPC has also been reported in reference 

The stability characteristics of the system are 
further investigated through the stability bouindaries obtained 
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FIG. 3. 3 FREQUENCY RESPONSE 
TABLE [3.lJ . 


■ FOR CASE 4 OF 
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FtG.a.i FREaUENCY RESPONSE FOR CASE 6 
OF TABLE [3.1] , 
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i.a.Afa; FREQUENCY RESPONSE FOR CASE 4 OF TABLE [3^ 
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in tho rcctiflor controllor gain time constant piano and ara 
plotted in Pigura 3.5 as curvas 1 to 6 for casas 1 to 6 of 
Table 3.1 raspactively. The portion to the left of the boundary 
is stable# while that on the right is xmstabla, 

A conp orison of cumces 1 and 2 indicates that with 
predictive type of C*E,A. controller at inverter# the stability 
nargin at lower time constants is better with EPC at irectifier* 
whila at higher time constants IPC at rectifer is preferable. 

A similar observation was made in the case of single converter 
system diecusaed in the previous chapter and can also be made 
through comparison of curves (3,4) and (5,6). All these cases 
in general indicate that the use of EPC at rectifier enhances 
the stability domain in the range of time constant below 0.1 

second* 

With rectifiar under IPC firing aoheme, it is evident 
fiom curves 1 and 3 that use of IPC at inverter eidumces the 
stability region significantly at higher time constants. Ihe 
Stability domain is further Ijigroved with EPC at the inverter 

(Figure 3*5). 

From conparison of aarms (1,2), <3#4)# (5,6) and the 
for singl® converter case (Figure 2.6), 


stability boundary 



.0 


-I.U 



hlC. 3.5 


_z.o 

Log gain 

effect of firing 

•iTARILITV BOUNDARIES 


SCHEME . 

for table [3.1], 
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it is interesting to note that the choios of firing control 
scheme at the rectifier largly governs the stability charactar- 
istica of the system. While with IPC at rectifier, it is 
evidont that controllers parameters can be varied over a wide 
range. The choice is restricted considerably with EPC at 
rectifier, S^IrthGrmore, comparison of curves 2,4 and 6 indi- 
cates that with rectifier under EPC, it is beneficial to have 
inverter under IPC, 

3,3 EFFECT OP CONTROL STRUCTURE 

An attempt is made to investigate the stability of 
the two terminal HVDC system with different control structure. 
The Various oases studied are given in Table 3,2, Rectifier 
tarminal is tander constant current control and the inverter 
is under C*E,A. control. The system parameters and operating 
conditions are given in iftppandix [A-2] , 

Figure 3#4(a) shows the frequency response for case 4 
Of Table 3,2. The oscillations are observed to occur at 25 Hz 
and 64,8 Hz, Comparison of the responaJS shown in Figures 
3.4 Ca) and Figure 3.2 for case 2 of Table 3.2 (which is some 
a» case 2 of Table 3.1); shows ccnsiderable increase in the 
fraquencjy at which owsillations can occur leading to system 
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inst;n,bilit.y « This effect can possibly be attributed tx) the 
PI controller, which is incorporated in th 3 system, 

A more rigourous comparison of the f? 4 irioas eases 
atudiod is made on the basis of the stability boundaries 
plotted in Figure 3,6 for Table 3,2, as curves 1 to 6 for 
cases 1 to 6 respectively, Conparison of the cases 1 and 3 
shows that the stability domain is reduced considerably with 
the use of the PI controller (case 3), except in the small 
range of time constant (between 0,01 and 0.001 Second). A 
similar observation can be made through comparison of curves 
2 and 4. It is also observed from curves 3 andl 4, that use of. 
EPC at rectifier, inproves the system stability significantly 
with inverter under predictive control, comparison of curves 
1 and 2 (as was done in the previous section) shows that EPC 
is bettar only in th© lowar range of time constant, it is 
interesting to note from curves (4 and 6) that use of EPC at:- 
invortar oonsiderably inproves the system stability. A similar 
effect is evident from conparison of curve (3 and 5) at lov^r 
values of time constant. 

3.4 ESTECT OF POWER CONTROL AT RECTIPIBR 

t 

RQOtiflars are invariably assignsd the task of 

The effect of power control 


cmtrollJng the dc lln)c power. 



mm- 



4 & 


at roctifiar is tharaforo iavestigatad ^lr^der both IPC and 
EPC firing control schen>2s. The cases studied are given in 
Table 3.3. The stability boundaries are plotted in Figure 
3,7, Conparison of those with curves 1, 2 of Figure 3.5 
(corresponding to the current control at rectifier) 
do«s not indicaate any appreciable change in the stabi- 
lity characteristics of the system 

3.5 SYSTEM STABILITY WITH I3WBRTER UNDER CONSTANT 0 CONTROL 

Considering constant 3 operation of the inverter with 
IPC and rectifier under current control with IPC, the system 
stability is investigated with the operating condition as given 
in Appendix Ca- 23 i and the stability domain is plotted in 
Figure 3.8. For the sake of comparison, the stability boundary 
for case 3 of Table 3.1 is also shown in Figure 3.8, Tho 
dovuK^miont o£ syatsu modcsl unflar constant p mode of operation 
at invyrtiir is grivon in Appendix [C-2]« 

It is observed that constant p operation of inverter 
ha. h favourable Influence on the stability characteristics 
of tho system, Ihis effect may be attributed to the fact that 
vith tho constant 9 operation of the inverter the slope of the 
do voltage - do curxent characteristic of the inverter becc^a 

positive and thus may lead to better systes. stability [3. 
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CasGs for Effect of Power Controller 


S,NO 


Control 


Rectif 5er 



T4-sK 


Firing 


Inverter 


Control 


Firing 


IPC 


Predictive 


II 


EPC 


Predictive 


TABLE 3,4 

Ca»as for Effect of Source Inductances 


sTiTo . " Rectifior Inverter. 


Control 

Firino 

Control 

Firxna 

1 

ItST ^ 

IPC 

r -K 1 

^ i4ST 

IPC 

9 

w 


EPC 

II 

BPC 


IPC 


4 


9 


II 


EPC 




^F'FlzCT OF POWER CONTROLLER 

STABILITY BOUNDARIES FOR TABLE j3.3J 
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3.6 EPPiSCT OF VARIATION IN SYSTEM PARAMETERS 

T1i 3 s'to.biii'ty chara.ctGxistics of tho systoni air© 
invostigitiod with variation in the source inductance at both 
rectifier and invorter ends and also for variation in trans- 
mission line length. Operating conditions for both the cases 
are restablished accordingly with change in system parameters. 
Por this purpose tho rectifier is assumed to be under current 
control and inverter under constant extinction angle control. 

Variation in source inductances at both rectifier and 
inverter ends axre discussed first. The various cases studied 
are given in Table 3,4 and the stability boundaries are plotted 
in J’igur© 3.9. The portion, to the left of the boundary is 
unstable while, that on the right is stable. It is observed 
that for a given value of source inductance at rectifier end,^ 
increase in the value of source inductance at inverter is 
determental to system stability. However for a given value of 
sourae inductanoe at inverter# increase in source inductance 
at rectifier has a favourable influence on system stability < 
Comparison of curves (1 and jj^) shovsthat the epc firing scheme 
considerably improves the system stability as opposed to IPC 
firing scheme* A simUar effect of BPC firing scheme is 
cijoervad through comparison of curves ^ and Ap 
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0.5 


0.4- 




Source inductance of rectifier (H) 


F/G. 3. 0 EFFECT OF SOURCE INDUCTANCE. 

STABILITY BOUNDARIES FOR TABLE [3- 
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Tho effvsct of variation in transmission line length 
and inverter and source inductance on system stability is also 
studied for the cases given in Table 3,5, The stability 
domains are plotted in Figure 3,lo, The region to the left 
of the boundary is unstable. It is observed from the various 
stability boundaries# that for a given inverter end source 
inductance# there is a minimum transmission line lengthy which 
is needed, for stable system operation. From curves 1 and ^ 
it is clear that increase in so\arce inductance should be accom*- 
panied with the increase in the transmission line length. 

This effect is possibly due to the EPC firing scheme at 
rectifier* However# it is interesting to note that with the 
use of IFC at rectifier (curve i>)t a decrease in the transmi- 
ssion line length should be accompanied by increase in source 
inductanoa at inverter end to ensure stable system operation. 

Effect of variation of extinction angle was also 
ctomxrmd at inverter end* The operating conditions were 
recalculated for this variation to maintain a constant dc 
fsurrent. Considering rectifier tinder constant currant control 
with IFC and inverter under constant extinction angle control 
with IFCj the stability domains are obtained for different 
valtioa Of extinction awrl®®* plotted in Figure 3.11 

in tho plane of rectifier and invertor controller gains . it 
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TABLE 3,5 


Casos for Effeof of Tronsinission Lino Length 


l.No 

Rectifier 

Inverter 




Firing 

Control 

Pirincr 

1 

-K(146T ) 

EPC 


Predictive 


[iiS.] 

1 * ^ ^ J 




3 

n 

IPC 

W ] 

EPC 

3 

m 

EPC 

H 

EPC 



# 

o 



..... lo »3U0pnpU! 

(H)J8JJ»AU| P »3UU* 


F/6.3./0 EFFECT OF TRANSMISSION LINE LENGiH. 

STABiny uOUNDARICS FOR TABLE [3.5j , 
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Inverter controUer gain 

FIG. 3.1! EFFECT OF EXTINCTION ANGLE. 
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can be observed that increase in the extinction anyle is 
determantal to system stability, A similar effect of increase 
in extinction angle has been reported in 


3.7 CONCLUSION 

A general model for representation of two terminal 
HVDC system is developed in detail. This model is fOiexible to 
accomodate changes in structure of different sxabsystams involved 
in it. Various cases are studied to observe the influence of 
firing control scheme^ controller— structure# control— strategy 
and system parameters. Inferences dirawn from there studies 
are found to be in agreement with reported literature to a great 


extent, 



CHAPTER 4 


TWO TERMINAL H7DC SYSTEM STABILITY 
WITH DIODE BRIDGE RECTIFIER 

In a HVDC system/ whether two terminal or multi -ter- 
minal/ one of the terminals operate \inder voltage control, 
defining the voltages on the do system buses. In ref ^18] Bowles 
has reportodt that a. roXiabl^ valthge control can he obtained iru 
HVDC system, by using a diode bridge in place of conventional 
thyristor bridge at rectifier station particularly when the 
generation is isolated. 

In a* two terminal HVDC transmission schemas under 
operation, the inverter terminal operates with constant 
extinction angle thereby controlling the system voltage. Use 
of diode bridge converter as an inverter is not very feasible 
due to* the problem of commutation failure, [ 1 8] • 

In this chapter, the stability characteristic of a 
two terminal HVDC system “withr a diode bridge converter as a 
rectifier terminal is investigated. The inverter terminal is 
chosen to operate under constant current control* The system 
model is developed errploying the component models given in 
Chapter 2, Stability is then analysed based on eigen value 
criterion. 

4,1 MODEL FORMULATION 

In a diode bridge, the firing always takes place at 
the positive going zero crossing of the commutation voltage 
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Squat-ion for converter dc voltage is 




Where A (K) * [ ] A a (K) + [Aj ] A X (K+1 ) + [ A^jAX (K) 


— (4.5) 


whore [ Aj^} 



1 

-1 

0 0 


1 

to 

o 

o 

Sin 

; C ] - 


0 ^ 


I 

O 

0 


— ^ ) 


and [ A_] 


Equations (4,4) and (4,5) are combined with following 
equation for firing pul sa generators. 

AV^ — (4.6) 

where is the control voltage, obtained from con- 
troller output at inverter end and sent to corresponding 
firing pulse generator whose gain is 


A £(K) 


K 


fs 
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Thus tha overall system model is represented as 

AX*(K+1) » [aaJAX'(K)+ 8£ AV^tTX; — (4.7) 

A closed loop matrix is thereafter obtained to analyse 
the system stability as discussed iru section 2.6 for single 
converter system, 

4.2 RSSUbTS 

The stability study carried out wxth the operating 
conditions and system paraneters as given in Appendix [A-.3} , 
Stability bovindary is plotted in the plane of gain and tinve 
constant of the current controlLer in Figure 4,1. Con?>arison 
of the ^stem discussed in this chapter is made with the convene 
tlonal systems having thyristor bridges at both the rectifier 
and inverter corresponding to gases 3 and 4 of Table 3.1. A 
drastic improvement in stability domain la obsorvad with the 
system having diode bridge. 


4.3 OONCbUSION 

This chapter demonstrates the desirability of having 
a diode bridge at rectifier. The study is carried out for 



2 


-1 0 1 
Log gain 

FiGAJ SUBiUTY BOUNDARfES i 
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two teriTiijlnal system, however, it is found that the scheme is a^o 
suitable for multiterminal systems also having remote genera- 
tion [ Jift ] • S’or the case studied, it is observed that there 
is a major improvement in the stability characteristics of 
the system with diode bridge rectifier. 



CHAPTER 5 


CONCLUSION 

5.1 OPERATING POINT STABILITY ANALYSIS 

V7ith the rapid developments in the H7DC transmission 
technology, atteirpts are being made to inprove the system 
performance through use of better control alternatives even 
in the case of existing two terminal HVDC installations 
whose operation is fairly well established now. This, there- 
fore# stresses the need to have a systematic approach for 
the design of converter control system t® ensxxre reliable 
system operation. In this ODOtaxt the operating point 
Stability analysis ef two terminal HVDC system has been 
attempted in this thesis. The formulation of the HVDC system 
model proceeds with the development of the individual compo- 
nent models# constituting the HVDC system, and their intsr- 
conneotiort through appropriate system variables. 

The discrete time representation of the converter 
based on average system quantities is reported in Chapter 2 
alongwith the development of the component rwdels for DC 
transmission line, converter control and firing pulse genera- 
tor* The interconnection of these subsystem models through 
appropriate interfacing variables leads to the linearised# 
discrete time# state space description of the overall system. 
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as discussed in Chapter 3* The system stability is investi- 
gated using linear control theory techniques in both frequency 
and time^ domain (aigen value analysis). The approach for 
the formulaticn of the system model is extremely modular in 
nature and therefore enables dynamic representation of the 
various subsystems to any desired degree o£ detail. 

The system model is eirployed to investigate the 
stability characteristics of the two terminal HVDC system 
with both Individual phase control and Equidistant pulse 
control firing schemes. One of the features of the study 
is to investigate the pearfomance of a feedback type of 
extinction angle controller at the inverter \inder both IPC 
and EPC firing control schemes. It has been observed that 
use of EPC firing scheme at inverter helps to improve the 
system stability when the source inductance is large. The 
results of the various case studies reveal that the choice 
>f IPC or EPC scheme at either rectifier or inverter terminals 
is dependent to a great extent on the system parameters. It 
has also been observed that the constant 0 (advance angle) 
operation of the inverter led to a better stability margin 
as oQit^ared to the constant extinction angle operation. 
Although this result is as eaqpected, but constant 0 operation 
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is nat. generally considered at the inverter due to the problem 

of commutation failure and may be useful only in certain sP'Scific 
system c2ondition«. 

The possibility of using a diode bridge converter/ 
in place of the conventional thyristor converters at the 
rectifier terminal has been reported in the literature pazrti— 
cularly when the generation is reitots. The study of the 
stability characteristics of the system with this alternative 
has been reported in Chapter 4 and it reveals that use of diode 
bridge converter at rectifier station drastically improves 
the system stability. 

The stability investigations \mdertaken in this 
thesis may be considered as a first step towards the final 
selection of the controller paranvaters which in turn/ has to 
bo made throu^ detailed study using digital simulation or 
UVDC simulator. 

5*2 SCOPE FOR FURTHER WORK 

1. In the study reported in this thesis/ the effect 

of the ac system dynamics is neglected under the assunptions 
of strong ac ^ststam However/ in case of hvdc links conneo- 
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tod botween weak ac systems* the interaction- between the ac 
and dc system dynamics influences the perfornance of HVDC 
system to a considerable extent. It will, therefore, be 
necessary to include representation of the ac system in the 
stability analysis for the purpose of controller design. 

2. Since the multiterminal HVDC systems are being 
planned for the future, it is necessary to analyse the system 
stability for the proper design of the coordinated control 
systems* 

3, The studies reported in the thesis are confined to 
the systems employing analog control techniques. However, 
with increasing interest in the use of microprocessor control, 
it would be interesting to study the system stability 
characteristics with digital, control strategies. 
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APPENDIX A 

OPERATING CONDITIONS AND SYSTEM PARAMETERS 

A*J. Single Converter System 

No Lead DC Voltage » 100 Volts 

Direct Current » 5 Artpere 

Commutating Inductance =» 0.005 H 

Firing angle » 15° 

X43ad resistance « 17,818 ohms 

XjOad time constant » 0,2 Second 

Frequency * 50 Hz 

Except for T 2 all other values are taken from [ U ] 

Two Terminal HVDC System 

Rated do link power ** ^06 Mw 

Frequency * 60 Hz 

AC line voltage at .» 525 kV 

rectifier end 

AC line Voltage at * 500 kV 

inverter end 

DC current * 726 Airpere 

Commutating inductances « 0,09 H 

for rectifier and 

inverter 

Line resistance * 0,0508 ohm/mile 
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Line capacitance 

Line inductance 

Line length 

Smoothing reactor 
resistance 

Smoothing reactor 
inductance 


0.0091 iUF/mile 
0.00324 H/mile 
300 miles 

1.87 ♦ll®* 

0.5 H 


For the Casas reported in Table 3«1 

Rectifier firing angle = 15,46^, Extinction angle * 15®, 

(i) Frequencqr Response (Pigs. 3,1# 3.2# 3.3, 3,4) 

Case 1 s At rectifier K =» 0.0343 rad/anp, T * 0.2S 
Case 2 s At rectifier K » 0.0025 rads/airp, T » O.lS 

Case 4 : At rectifier K » 0,01 rads/airp, T » 0,28 

At Inverter K » 0.0343 rads/amp, T *< 0.28 

Case 6 s At rectifier K * 0.01 rads/amp, T » 0.28 

At Inverter K » 0.0343 rads/amp/ T » 0.28 

(ii) Stability Boundaries (Pig. 3.5) 

For all the case where feedbak type of CEA control is 
considered at inverter, K » 0.0343, T » 0,2S 


For the Cases reported in Table 3.2 

Rectifier firing angle » 15*46®, Extinction Angle « 15® 

(1) Frequency Response (Fig* 3.4a) 

Case 4 « At rectifier K ■ 0.0343 rads/anp, * O.OlS, 
0.005s 
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(ii) Stability Boundaries (Pig. 3.6) 

The stability bo^darias for casas 3/4,5 and 6 are 

plotted in the K-T, plane of the controller at the 

^K(1+ST-) 

rectifier terminal which is of the type y 

was chosen as O.OlS 

For cases 5 and 6, the inverter controller gain is 



K » 0.0343 


For the eases reported in Table 3.3 

Rectifier firing angle « 15,46°/ Extinction angle » 15°. 
At rectifier »» O.OIS 

The stability boundaries are plotted in the K-T 2 plane 
(Pig. 3.7). 

Por the cases reported in Table 3.4 

Rectifier terminal dc current * 726 Aitps 

Inverter extinction angle • 15° 

Rectifier and Inverter Side « K » 0.0343, T » 0.2S 

C3ontrollar parameters 

The rectifier and inverter firing angles were calculated with 
change in source inductances. 

Por the oases reported in Table 3.5 
At rectifier K » 0.003 

* 0.00316S 
T 2 * 0,005s 
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At Inverter (Gases 2 and 3) s K » 10.0 

The rectifier and inverter firing angles were calculated 
with Variation in Inverter side source inductance and trans- 
mission line length. 

With Constant 0 Control at Inverter 

Rectifier firing angle « 15.46^ 

Inverter firing angle ** 153.65° 

At Invertor K » 0.0343/ T ® 0.2S 
Stability boundary is plotted in the plane of controller 
parameters at rectifier. 

A-.3 Two Terminal HVDC System with diode bridge Rectifier 
System Parameters are same as given in Appendix A-2. 
Rectifier terminal had no control 

Inverter terminal was equipped with Feedback type of 
Current Control tK/(i’*ST) ]s K w 0.0343 rad/anps and 
T « 0.2» . Inverter firing angle * 153,65°, Stability 
boundary was plotted in the K-T plane of the invertf^ 
controller. 
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APPENDIX B 


DISCRETIZATION OP CONTINUOUS TIME STATE EQUATION 


Consid^ 2 r a continuous time equation 


» = [a ] X + [b ] u 


— . <B.l) 


The solution of this equation is 


£(t) • ® 


[a] t 


£( 0 ) * ® 


[a ] t j [ a] T J- gj ^ 


«•— (B * 2 ) 


Assuming the forcing function to maintain a constant value of 
ui^(K) during the interval of time from the instant t(K) to 
t(K+l), [5]. 

^ t(K+l) 

X(K+1) = £^(K) M 3 ^ (t(K+l)-T), 

( t(K) 



where * t(K+l) - t(K) 

If t(K+l) - T *s t'# then 


^(K+1) w e 


UlAtK V (K) -». [ md] [ b] u t (K) 


— (B.4) 


1 




i A ] t* 


dt' 


whore [MD] 
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* 


K 


r T [A] [^f Ai4 

[ 1 ] . 




wh( 2 ai [a] is singvilar 


— (B,5) 




q[a 1 tK ^ f I]/ [A]*"^ i when [ a] is nonsingular 


(B.6) 


only first fow terms of series in (B,5) are considered to find 
[ MD] [8] . 
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APPENDIX C 
MODEL FORMULATIONS 


C-l Controller model for case 6 of Table 3«1 .> 

In the case considered, both the rectifier and 
inverter are equipped with EPC firing control scheme. The 
block diagrams for the controllers are shown m Figure (C,l) 
and (C,2) . The controller dynamics can be described as follows. 


For rectifier terminal 

Ap » “I Ap + ^ 

Ti 



(C.l) 


For Inverter terminal 

^ - {C.3) 

A « Gl A I + G2 A a — (C,4) 

^ wi dx X 

Hanca A 1^3. + - (c.5) 


The equations (C*l) and (C,5) can be written as follows 
in conformation with equation (2.20) to give the dynamios of 
controllers as 

Ais - [ftii A 2^ * A f=-6) 

AP Av^j 


where Aj^ 



CONTBOu 



FIG.C-3 CONTROLLER AT tNVERTE. 
FOR CONSTANT fi. 
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.T 


and *» A I 


dl 



Equation (C,6) Is than canbinad with tho transmi- 
ssion line equation (2*10) to give 


AX «[A]AX + [B]^\3^{K) 


— (C.7) 


where Zi X 




and 


Ay|(K) 


[Aa^(K) avJ^(k)] 


The firing angles at the converters are given by 


* Az^(K) 
Aa^(K) = Az2(K) 


— (C3) 


Equation (C.7) is discretized and corobined with 
equations for firing angles (C,8) and converter (3.6# 3.7) 
to give 


X (K+1) » a X(K) + BB A,V^(K) 


— (C.9) 

I- 
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Dynamics of VCOs are given by 


AZj^(K+ 1) * AZj^(K) + 

— (c.io) 

Az^CK+I) b a Z^iK) + K^2 

where ^fgi and K^g2 ^xnity gains of firing pulse genera-b 

at rectifier and inverter respectively. 

Equations (C,9) and (C,l)) are combined to represent 
the overall model of the system. 

^X> (K+1) » A X* <K) + B* Av^(K) — <C.ll) 


C*.2 Constant S Converter-»Controller at Inverter - 

The block diagrams given in figures (C.2) and (C,3) 
show the controllers at rectifier and inverter ends. The 
corresponding equations are 


AP«-|Ap+^ a I 
^1 n 


dR 


and A y 


C2 


1 ^ 

T C2 tT^I 
2 2 


— (C.12) 


(C.13) 


The equations can then be combined to give 




(C.14> 
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where • &3P * Uq input vector contain- 

ing rectifier dc current and inverter firing angle. 

Equation (C,14) is then combined with the equation 
of transmission line (2.10) to give 

+ [ B] AU^(K) — (C,15) 

Equation (C,15) is discretized and combined with 
converter and firing pulse generator equations to give 

AX(K-l-l) »[AA]/i^X(K) + BB i\^c2 (C.16) 

Equation (C.16) describes the constant 0 controller 

model 


t 
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